Abstract An upgraded infrared (IR) imaging system which provides a wide field of view (FOV) has been installed on the Experimental Advanced Superconducting Tokamak (EAST) to monitor the surface temperatures on plasma facing components. Modified magnetic topology induced by lower hybrid wave (LHW) can lead to the formation of striated heat flux (SHF) on divertor plates which can be clearly observed by IR camera. In this paper, LHW power modulation is applied to analyze the appearance of SHF. It is also demonstrated that deuterium (D) pellet injection and supersonic molecular beam injection (SMBI) can to some extent reduce the heat flux on the outer strike point (OSP), but enhance the SHF on lower outer plates (LOP) of divertor. This may provide an optional approach to actively control the distribution of heat flux on diveror plates, which can protect materials from long duration high-heat flux.
Introduction
Plasma-wall interactions pose great threat to the lifetime of plasma facing components especially divertor target plates, where materials are exposed to energetic ion and neutral particle flux [1] . The peak heat flux deposited on target plates may exceed 20 MW/m 2 as predicted under certain operating conditions in ITER, which may cause serious damage to the materials [2] . However, except for the development of cooling technology, several effective approaches have been considered as solutions to control the particle and heat flux on divertor surfaces, for example, the expansion of wetted area on components with ergodic edges magnetic field [3] and the enhancement of the radiative processes in plasma by actively injection of impurity gas [4] or deuterium [5] .
Recent research on EAST [6] proved that LHW can drive five helical currents in the scrape-off layer (SOL) [7] which change the magnetic topology and as a result lead to the splitting of the divertor OSP [8] . This may provide an explanation for the appearance of SHF on outer divertor plates which has been observed by IR camera in plasma with LHW. The SHF which can be up to ∼20 cm away from the OSP redistributes the heat load in a wider area on divertor plates.
On EAST Ar and CD 4 gas puffing has already been tested to achieve the 'detached' divertor. As means to fuel the plasma, the injection of deuterium (D) pellets or neutral particles with supersonic molecular beam can more or less reduce the heat flux on divertor strike point. However, at the same time the heat flux in the SHF regions is largely increased by these fuelling methods in LHW heated plasma. In this paper, the main purpose is to present the observation of SHF by means of IR camera and discuss the heat flux changes in the OSP and SHF regions on divertor LOP under different conditions such as LHW power modulation, D pellet injection and supersonic molecular beam injection (SMBI). In section 2, the IR camera and LHW system on EAST are briefly presented. The experimental results which show the dependence of the SHF appearance on LHW are described in section 3. And then the results of heat flux changes due to highpressure fuel injections are analyzed in section 4. Finally, discussions and conclusions are given at the end of the paper. lower single null (LSN) and upper single null (USN) with auxiliary heating power consisting of lower hybrid current drive (LHCD) heating and ion cyclotron resonant heating (ICRH) [9, 10] . LHW system [11] with up to 2 MW power operating at 2.45 GHz has been fully used as one of the major power source in 2012 campaign on EAST. Set at the lower field side midplane, the structure of the waveguide antennas is 4 columns and 5 rows.
Experimental setup
ELM interaction with the walls occurs mainly on the divertor, however, during LHW the guard limiters of the LHW antenna also experience a lot of power deposition, while forming several hot spots. So an upgrade of the IR camera imaging system which provides a wide field of view (FOV) becomes a necessity. The new IR camera is a Flir ThermaCAM PM595 of which the focal plane array comprises 320 × 240 pixels. Operating in the 7.5-13 µm range with a 50 Hz frame rate it produces images with a dynamic temperature range of −20
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• viewing angle and the spatial resolution is 8 mm between two pixels on the divertor plate when object distance is 2 m. The IR optical system (a) can provide a wide FOV due to a well-designed Endoscopic front-end (b) composed of an aspheric mirror and a pierced flat mirror, the following Cassegrain telescope (c) and a series combination of Germanium lens (d), as shown in Fig. 1 .
As a result, the visible area includes all the four plates of divertors, movable limiter, the LHW antenna and its guard limiter, as shown in Fig. 2 . Due to this wide FOV, it becomes possible to monitor time evolution of the surface temperature and compare the heat flux at different spots of the PFC using IR system. The IR camera is also a more convenient and perturbation-free way for research compared to diagnostics such as thermocouples (low time resolution) and Langmuir probes (local measurements). The splitting of strike point happens during LHCD heating, of which the reason is mainly the change of magnetic topology induced by helical currents in the SOL driven by LHW [8] . Fig. 3 shows the different IR images of two shots (shot #41761 without LHW, shot #41976 with LHW) and demonstrates the formation of additional SHF on the LOP of divertor with LHW by comparing the two images. Because of the application of LHW, it can be noticed that the hot spots appear on guard limiters of LHW antenna as shown in Fig. 3(b) .
The influence of LHW on ELMs has been studied in recent EAST experiments through LHW power modulation with ICRH. Experimental results indicate that in H-mode plasma the ELM peak particle flux will be suppressed by a factor of ∼ 2 when LHW is switched on in a modulated frequency [8] . Furthermore, the change of the heat flux distribution on divertor plates between different phases can also be analyzed with LHW power modulation, especially the repeated appearing and subsiding of the SHF with modulated LHW. Form Fig. 4 it can be clearly seen that the heat flux in the SHF regions increases sharply when the LHW is switched-on, and decays quickly after the LHW is turned off. Although from the D α line emission shown in this figure we may roughly infer that the ELMs are regulated by LHW, an important matter is that the power supplied to the plasma is significantly changed during LHW power modulation. And the power loss to the LOP as well as the first wall should increase when LHW is switched on due to the large contribution of ∼50% of the total power added by LHW. It will be followed by an increase of the heat flux on the LOP.
In order to analyze the strong influence of LHW on the change of heat flux distribution on the LOP, Fig. 5 shows the peak heat flux (Q peak ) in both the OSP and the SHF regions as well as the ratio between them during LHW modulation cycles in this shot. Ten cycles of LHW power modulation are selected and set in the same time line with all the start moment being shifted to 0 ms. Taking into account the LHW switching time between phases (∼5 ms), it should be noticed that the threshold which is employed to judge the start and the end moment of one cycle is 50% of the LHW maximum power in that cycle. In other words, the real effective LHW heating periods may be longer than that presented in Fig. 5 .
The Q peak in the SHF regions increases significantly by a factor of ∼2 within a short time period of less than ∼10 ms after LHW is switched on and continues increasing to peak of ∼0.25 MW/m 2 due to LHW heating, while in the OSP regions it increases almost linearly and by a smaller factor of ∼1.25 through the LHW-on phases. The Q peak in the SHF regions starts to decrease immediately after the drop of LHW power which takes place at ∼40 ms (before the end moment shown in Fig. 5 where the power is already reduced by 50%). Nonetheless, the Q peak in the OSP regions decreases relatively slowly in LHW-off phase. Finally, the Q peak ratio of the SHF to the OSP is presented in Fig. 5(c) . In every LHW-on phase the Q peak in the SHF regions is ∼1.6 times of that in the OSP regions while in LHW-off phases the ratio is ∼0.7. The experimental results prove that LHW can trigger the appearance of the SHF apart from the OSP and lead to the redistribution of the heat load on the LOP. When LHW is switched on, the Q peak ratio between the SHF and the OSP increases sharply by a factor of ∼2.3 compared with the LHW-off phase. The SHF shows a rather quick response to the LHW power modulation, which coincides with the fact that the formation of helical currents generated by LHW is very quick, within ∼2 ms [8] . Furthermore, the Q peak in the SHF regions is ∼1.8 times of that in the OSP regions in LHW-on phases. This is mainly due to the hotter plasma coming from the new structure of magnetic topology which connects the SHF regions on LOP to the deeper plasma where the plasma temperature is higher. Because of the large power contribution from LHW supplied to the plasma, the Q peak in the OSP regions also change during LHW power modulation but in a smoother way with much smaller amount than that in the SHF regions as shown in Fig. 5(b) . The different changing rates in the two regions may be ascribed to the fact that the absorption of the LHW power is a process slower than the change of the magnetic topology induced by LHW. Fig. 6 shows a more complex heat flux distribution on LOP of shot #41987 in a wider time period (3.0∼5.7 s) which include both L-mode and H-mode plasma. With almost the same amount of plasma current and power supply (P ICRH ∼1.2 MW from ∼3.7 s) as shot #41989, shot #41987 also demonstrates that the appearance of the SHF is absolutely related with the application of LHW. The heat flux in the OSP regions is obviously enhanced between ∼3.7 s and ∼4.3 s when the power of ∼1.1 MW from ICRH is added. However, ICRH has little influence on the heat flux in the SHF regions in this shot, of which the reason is still unknown. During a H-mode period (from ∼4.3 s to ∼4.9 s), the power deposition is much lower in both the OSP and the SHF regions than that in L-mode period.
4 Heat flux change due to highpressure fuelling methods under LHW heating SMBI and D pellet injection, as methods to fuel the plasma, have the advantage that it penetrates further into the plasma than normal gas puffing. It is known that like gas puffing of the high-Z impurity particles, fuelling methods also have impacts on the control of the heat flux on divertor plates. Nonetheless, in LHW heated plasma additional SHF regions appear on outer divertor plates. The influence of the fuelling on SHF regions should be analyzed. 19 m −3 , P LHCD ≈ 1.2 MW and P ICRH ≈ 0.7 MW). In this shot, the SMBI is mainly used to sustain the plasma density, as we may infer from Fig. 7(b) (the central line-averaged density n e oscillates in small amplitude with every SMBI). And the central lineaveraged density increased by SMBI will slowly decrease afterwards. From this figure, it can be obviously seen that the SHF is largely enhanced after every SMBI.
More details of the heat load changes under SMBI in this shot are given by Fig. 8 . The time period between 4.08 s and 5.06 s is selected when the plasma is in L-mode with relatively stable state to analyze the influence of SMBI on the Q peak in both the OSP and the SHF regions on the LOP. There are ten pulses of SMBI in this time period with almost the same interval of ∼100 ms and the pulse width ∼7.6 ms. The start moment of each SMBI is shifted to 0 ms and then the Q peak changes over time in the SHF and the OSP regions as well as the ratio between them are presented. Each time the SMBI happens, the Q peak increases sharply in the SHF regions by a factor of ∼1.4 from about 0.27 MW/m 2 to 0.38 MW/m 2 within 20 ms. However in the OSP regions it drops gradually at first with a rather small amount until about 55 ms later it recovers. The Q peak ratio of the SHF to the OSP rises by a factor of ∼1.5 from ∼1.2 to ∼1.8 within ∼20 ms after the start moment of every SMBI and then it decays slowly until the next injection.
For the OSP, the results show that the effect of detachment in the outer target plates partially exists but is relatively weak under SMBI in this shot. Unlike the high-Z impurity gas puffing such as Ar and CD 4 , SMBI does not contribute a lot to the bremsstrahlung radiation which arises from electron-ion collisions, especially when the amount of the injected particles is not enough as in this shot. The relatively small increase of radiation caused by SMBI cannot save much power lost to the divertor plates compared with impurity gas puffing. For the SHF, the heat flux comes directly from the area about 2 cm deep inside the separatrix due to the modified magnetic field which builds a shortcut for the confined plasma to the divertor plates [8] . Because of the higher temperature of the plasma in this area, the power flowing to the SHF is larger than that to the OSP under the same ion flux. Due to the short time increase of density, the SHF is enhanced strongly by SMBI and then decays slowly along with the decrease of density. D pellet injection also strengthens the power deposition in the SHF and lowers the heat load in the OSP, the reason is similar to that for the case of SMBI. Time evolution of the heat flux on the LOP in shot #41973 (LHCD and ICRH driven discharge in LSN configuration, the plasma current I p ∼ 500 kA, the lineaveraged electron density n e ∼ (6.0-8.0) × 10 19 m −3 , P LHCD ∼ 1.4 MW and P ICRH ∼ 1.2 MW) is shown in Fig. 9 . The Q peak decreases by a factor of ∼2 in the OSP regions and increases largely by a factor of ∼3 in the SHF regions during D pellet injection (4.3 s to 5.1 s) in this shot.
Discussion and conclusions
Further work is still ongoing. More delicate changes of heat flux can only be obtained when a higher time resolution infrared camera would have been installed in the next campaign on EAST. The application of LHW power modulation could be considered as a practical way to modify the heat flux distribution on divertor plates when the power from LHW accounts for a relatively small proportion of the total power supplied to the plasma. A comparison of the effectiveness of different fuelling or gas puffing methods for the change of the heat load on divertor plates would also be made in the near future.
In conclusion, it has been found that 'modified magnetic topology' due to thermoelectric currents stimulated by LHW can lead to additional SHF which widens the energy wetted area on divertor outer plates. In this paper, the heat flux changes on the LOP of divertor under LHW power modulation have been studied, showing the very tight relationship between the appearance of SHF regions and the application of LHW. In LHCD heated plasma, SMBI and D pellet injection can to some extent reduce the heat flux in the OSP regions and enhance the SHF on the LOP of divertor. With LHW power modulation and fuel injection, we may redistribute the heat flux on divertor plates to prolong the service life of the material. 
